Neutrophils are traditionally regarded as the "first responders" of the immune system. However, recent observations revealed that platelets often respond earlier to recruit and activate neutrophils within sites of injury and inflammation. Currently, platelet-neutrophil interactions are studied by intravital microscopy. Although such studies provide exceptional, physiologic in vivo data, they are also laborious and have low throughput. To accelerate platelet-neutrophil interaction studies, we have developed and optimized an ex vivo microfluidic platform with which the interactions between platelets and moving neutrophils are measured at single-cell level in precise conditions and with high throughput. With the use of this new assay, we have evaluated changes in neutrophil motility upon direct contact with platelets. Motility changes include longer distances traveled, frequent changes in direction, and faster neutrophil velocities compared with a standard motility response to chemoattractant fMLP. We also found that the neutrophilplatelet direct interactions are transient and mediated by CD62P-CD162 interactions, localized predominantly at the uropod of moving neutrophils. This "crawling," oscillatory neutrophil behavior upon platelet contact is consistent with previous in vivo studies and validates the use of this new test for the exploration of this interactive relationship.
Introduction
Activation of the acute innate immune response is complex, consisting of both cellular and soluble components. In tissue injury and infection, neutrophils were long thought to be the first and most robust responders, being recruited by both the pathogenic stimulus and the tissue resident cells [1, 2] . Platelets are increasingly recognized as key players in the innate immune responses, being activated by tissue injury and several infections before neutrophils and subsequently, recruiting and activating them [3] [4] [5] . Platelets can be activated in hundreds of milliseconds, faster than neutrophils activate [6] . Platelet adhesion to pathogens or injured vessel walls results in platelet activation and has been described to facilitate binding to neutrophils, the release of neutrophil chemotactic substances, and the formation of neutrophil extracellular traps [3, [7] [8] [9] .
In this study, we optimized and validated a microfluidic platform that enabled us to examine platelet-neutrophil interactions ex vivo with single-cell resolution. We found that upon contact with PRPt, neutrophils migrate spontaneously in the absence of chemoattractant gradients. Neutrophils appear to associate and dissociate frequently from platelets during migration, and the interactions are mediated by CD62P. In straight channels, neutrophils move in an oscillatory pattern between platelets, similar to the crawling behavior described in vivo [5] .
MATERIALS AND METHODS

Platelet preparation
Blood was collected from healthy volunteers in accordance with Institutional Review Board protocols (2009-P-000295). Platelets were prepared from blood collected into 2.9 ml trisodium citrate Vacutainer tubes (Sarstedt, Nümbrecht, Germany). PRPt was prepared by centrifugation of the whole blood at 210 g, 22°C, for 20 min. The PRPt supernatant was gently pipetted into 2 tubes. In 1 tube, 20% vol ACD solution (Boston Bioproducts, Ashland, MA, USA) was added, and the PRPt was incubated at 37°C until the start of the experiment. The second tube was centrifuged at 1900 g, 22°C, for 10 min. The PPP was removed, leaving a platelet pellet. IMDM buffer with 1. Correspondence: BioMEMS Resource Center, Center for Surgery, Innovation & Bioengineering, Dept. of Surgery, Massachusetts General Hospital, Boston, MA 02114, USA. E-mail: dirimia@mgh.harvard.edu 20% FBS was used to resuspend the platelet pellet, and ACD was added to the PPP and the platelet suspension. Platelet cell membrane was stained with 1:1000 calcein green (Thermo Fisher Scientific, Waltham, MA, USA). Total platelet count was performed on all samples, with acceptable purity defined as ,2% WBC or RBC contaminant. PPP acellularity (,2%) was also verified using a hemocytometer. The PRP platelet count ranged from 25 to 45 3 10 9 platelets/ml, whereas the WP count ranged from 15 to 25 3 10 9 platelets/ml; decreased platelet count in WP was most likely a result of platelet loss during the washing step. All plasma preparations were kept at 37°C until the start of the experiment.
Neutrophil isolation
Blood was collected in ACD BD Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ, USA). Neutrophils were isolated from whole blood using a negative-selection protocol, as previously described [10] . In brief, neutrophils were isolated using a density gradient with HetaSep (Stemcell Technologies, Vancouver, BC, Canada) and then purified with EasySep Human Neutrophil Kit (Stemcell Technologies), following the manufacturer's protocol. Neutrophil purity was assessed to be .98%, and cell count was performed using a hemocytometer. Neutrophils were subsequently resuspended in IMDM with 20% FBS (Thermo Fisher Scientific) for a total neutrophil concentration of 5-6 3 10 6 cells/ml. The cellular nucleic acid was stained with 1:2000 Hoechst Dye 33342 (Thermo Fisher Scientific) for 20 min, followed by 1 wash step. For experiments that evaluated the effect of blocking CD162, neutrophils were also stained with 1:200 mouse antihuman CD162 (clone KPL1; BioLegend, San Diego, CA, USA) for 20 min, followed by 1 wash step. Samples were processed within 1 h of blood draw and were maintained at 37°C.
Design and fabrication of the microfluidic devices
The microfluidic devices were manufactured using standard microfabrication techniques. In brief, a 2-layer photoresist design (SU-8; MicroChem, Newton, MA, USA), with a first and second layer (3 and 50 mm thick, respectively), was patterned on 1 silicon wafer via sequentially aligned photolithography masks and processing cycles, according to the manufacturer's protocols. The resulting patterned wafer was then used as a mold to produce PDMS (Thermo Fisher Scientific) devices, which were subsequently, irreversibly bonded to glass slides (1 3 3 in.; Thermo Fisher Scientific). Gradients were generated between an array of orthogonal side channels (6 mm width, 800 mm height), primed with the chemoattractant and serving as the source (of chemoattractant), and a central channel (500 mm width, 50 mm height), serving as the sink (Fig. 1A ).
Priming and loading the microfluidic devices
The microfluidic devices were loaded with various solutions uniformly or used to generate chemical gradients, as previously described [10, 11] . To generate gradients, a 2-step process was involved. The microfluidic devices were primed with various solutions: media (negative control), fMLP (100 nM, positive control), PRPt, PPP, or WP. Because the side channels are closed at the distal end, when the main channel is washed with media, a linear gradient is formed along the length of the side channel (Fig. 1B) . To load a device, a 1 ml syringe filled with solution was connected to 1 port of the device and the solution pushed through the main channel, and then the outlet port was clamped off. With the application of steady pressure to the syringe, the solution was infused into the device, displacing the air into the PDMS. Once the solution was infused, the neutrophils were loaded into the main channel of the device and allowed to settle by clamping off both ports of the device.
Neutrophil motility analysis
Neutrophil migration was recorded, starting within 15 min of neutrophil loading, using time-lapse imaging on a fully automated Nikon Ti-E microscope with the biochamber at 37°C and 80% humidity and in the presence of 5% carbon dioxide gas. Images of the neutrophils were acquired automatically, every 2.5-3.5 min for up to 2 h, from at least 5 distinct locations on each of 4 microfluidic devices run in parallel in the same experiment. ImageJ manual tracking software (U.S. National Institutes of Health, Bethesda, MD, USA) was used for the analysis of neutrophil migration and behavior. Previous reports showed that when neutrophils are mechanically confined to the smaller side channels during migration, the cell trajectories and velocities can be measured more easily and with higher precision than any of the current assays [10] .
Platelet-neutrophil interactions
Platelet-neutrophil interactions were analyzed using multiple parameters. For each side channel in which there was neutrophil migration, the total number of platelets within the channel was counted; this included platelets that were attached to neutrophils as they entered from the main channel. Neutrophils traveling in channels containing no platelets were not included in statistical analyses for platelet interactions. Neutrophil-platelet interactions were categorized as "arrested" or "carrying." Arrested contact involved a migrating neutrophil stopping at the position of the platelet, in contact with the platelet, for .1 time frame (i.e., at least 2.5 min; Fig. 2A ). Platelet carrying occurred when neutrophils and platelets moved together through the channel for at least 1 time frame (Fig. 2B) . The platelet-neutrophil interaction was further categorized by the number of times that a neutrophil carried a platelet, the total distance it carried the platelet, and the duration of time a platelet was carried. The mean and SD of each of these conditions were calculated for all groups that had contact with platelets, and Student's 2-tailed t tests were carried out to compare the behavior of the PRPc with the PRPn.
Flow cytometry
Phlebotomy was performed with a 24-gauge butterfly needle, and blood was collected into an 8. 
Statistical analysis
For determination of the neutrophil phenotype upon interaction with platelets, all cells in each condition (fMLP, PRPt, PPP, and WP) were manually tracked, and the total distance traveled, time spent in a side channel, and average velocity were calculated for each individual neutrophil. Histograms were prepared for all conditions and the skewness, intermediate quartile range, and 95% CI were reported. The number of directional changes a neutrophil made within a channel described neutrophil oscillatory behavior. A change in directionality was defined as when a neutrophil traveled for a minimum of 50 mm in one direction after a turn. Changes in direction were calculated for each neutrophil in all conditions. Arrested contact with a platelet was defined as a neutrophil stopping and interacting with a platelet for .1 time frame (2-3.5 min) and traveling a distance of ,50 mm in any direction. The mean and SD for each condition was calculated and compared across conditions (fMLP, PRPt, PRPc, PRPn, PPP, and WP) using Student's 2-tailed t tests, with P , 0.05 considered significant. The experiment was performed for a total of 5 biologic replicates for interdonor comparison. Four intradonor samples were compared and were not found to be significantly different. The same analysis was performed on the samples that were blocked with anti-CD162 antibody, and this was performed on 3 biologic replicates. Statistical analysis was performed using Excel (Microsoft, Redmond, WA, USA).
The flow cytometry experiments to determine the effectiveness of the anti-CD162 antibody were conducted on 3 biologic replicates. Each neutrophil that had a platelet attached was defined as a PLA. The percentage of PLAs in each was calculated, and the number of neutrophils that were determined to be PLAs was compared between experimental conditions. The percent of "PLA inhibition" was determined by calculating the difference in the percent of PLAs formed with and without anti-CD162 antibody. Statistical analysis was performed using Excel (Microsoft).
RESULTS AND DISCUSSION
Neutrophil-platelet interactions and their role in the initiation of innate immune responses are under intense scrutiny [5] . However, previous studies were limited by the techniques available. Whereas intravital microscopy has contributed a great deal of knowledge regarding this relationship, it has its limitations as well, including the use of live animals, highly technical equipment, and microsurgical training [12] . Additionally, although the use of in vivo experiments has an essential role in exploring physiology, complex mechanistic studies can sometimes be better teased apart under highly controlled conditions, restricting the number of variables. The ex vivo assay we have developed for the study of the platelet-neutrophil interaction using microfluidic devices fills this void, enabling precise control of soluble and cellular inputs and analysis at the single-cell level. With the use of this assay, we studied the effect of various platelet-containing solutions on neutrophil motility and the changes of neutrophil motility after direct, physical interactions with platelets (Fig. 1C) . The main channels of the device is loaded with fluorescein (i). One end of the main channel is clamped off, and fluorescein is pushed into the side channels (white arrowhead), displacing the air and filling them with dye (ii). The main channel is opened and is flushed with buffer, creating a fluorescein concentration gradient within the device (iii). (C) Schematic of neutrophil migration protocol. Blood is collected (1) and aliquoted into 2 samples: 1 for neutrophil isolation and 1 for platelet isolation. Experimental conditions, PRP, PPP, and WP, are prepared via differential centrifugation and stained with calcein (2a), and neutrophils are collected via negative isolation and stained with Hoechst dye (2b). The microfluidic device is primed using the plasma preparation (3A), and then the neutrophils are loaded into the main channel (3B). Image analysis is then performed on time-lapse fluorescence microscopy of the neutrophils in the different experimental conditions (4). fMLP is used as a positive control that triggers persistent neutrophil migration.
Spontaneous migration of neutrophils in the absence of chemoattractant
Spontaneous neutrophil migration into the side channels occurred in the absence of a chemoattractant. Surprisingly, neutrophils migrated into the side channels for both the PRPt and PPP (231 and 182 total neutrophils, respectively), equivalent to the migration of neutrophils when exposed to fMLP (201 total neutrophils). Neutrophil migration in the WP was rare (18 total neutrophils). Interestingly, the average velocity of the migrating neutrophils in the PRPt and PPP was 28.4 6 5.8 mm/min and 29.5 6 5.8 mm/min, respectively, compared with the fMLP [19.5 6 9.1 mm/min ( Table 1) ]. With the evaluation of the representative histogram curves of average velocity for all conditions, the neutrophils in fMLP were clustered on the left, whereas the neutrophils in PRPt and PPP were clustered toward the right (Supplemental Fig. 1 and Supplemental Table 1 ). This implies that PRPt and PPP stimulation of neutrophils results in neutrophils moving at higher velocities than those stimulated by fMLP. This phenomenon is not seen with platelets without the plasma component (WP). This is notable, as fMLP is one of the most potent neutrophil chemoattractants currently known [13] .
These data suggest that there are factors within the plasma that result in spontaneous neutrophil migration. These soluble factors may include the following: exosomes, microparticles, members of the coagulation and fibrinolysis cascade, complement, or the leukotriene family [13] [14] [15] [16] [17] . The discovery and analysis of plasma factors that may stimulate neutrophils are beyond the scope of this paper but are important and should be pursued in future studies. Additionally, although there are minimal platelets in PPP, and spontaneous chemotaxis is seen in the PRPt without direct contact with platelets, there may be platelet activation during both processing of the plasma, as well as the plasma loading into the microfluidic device. This may result in a number of factors being released by the platelets, A neutrophil is shown migrating down a side channel toward a platelet and then attaching and carrying the platelet on its uropod (red arrows) as it changes directions. Direction toward the blind end of the side channel is indicated by the green arrow. (C) Graphs of the total amount of neutrophils migrating as a function of duration of time that a platelet was carried by a neutrophil (i) and the total distance that a platelet was carried by a neutrophil (ii).
including microparticles and exosomes, many of which have been shown to result in neutrophil activation [18] . The lack of spontaneous migration observed in the WP group provides a useful negative control for the presence of ACD and suggests that if platelet activation is responsible for neutrophil migration, then additional plasma-derived components must also be required to stimulate this activity.
Frequent directional changes by neutrophils after interactions with platelets
Neutrophils in PRPt changed directions in the side channels more frequently than those in PPP or in fMLP (Fig. 3) . The plotting of representative neutrophil velocities versus time showed a clear phenotypic difference among PRPt, PPP, and fMLP ( Fig. 3B-D) . Additionally, neutrophils that came into contact with a platelet often displayed an oscillatory behavior, switching directions within the side channel at a higher rate than those without platelet contact ( Fig. 4A and Table 1) . A large proportion of neutrophils in PRPt and PPP changed in direction 3 or more times (34.6% and 25.3%, respectively; Fig. 4A , Table 1 , and Supplemental Video 1). By comparison, the majority neutrophils in fMLP and WP changed directions only once (68.7% and 76.5%, respectively) and usually at the end of the channels, as reported previously [19] (Fig. 4A, Table 1 , and Supplemental Video 2). The difference in proportions of neutrophils changing directions 3 or more times was statistically significant between fMLP and PRPt (P , 0.01; Supplemental Table 2 ). These data show that there is a unique oscillatory phenotype present in neutrophils when exposed to PRP and PPP, as opposed to WP and fMLP. The PRPc neutrophils made significantly more directional changes in the side channel than the PRPn neutrophils (50.6% and 25.7%, respectively; P , 0.01), and this was in the absence of any exogenous chemoattractant (Table 1 and Supplemental Table 1 ). This oscillatory behavior seen in neutrophils exposed to plasma and exacerbated by direct contact with platelets is similar to the crawling behavior observed in vivo [5] .
Time and distance traveled by neutrophils after interactions with platelets
The time spent in the channel by neutrophils also revealed differences between neutrophil migration patterns in each condition. Neutrophils exposed to PRPt, PPP, and fMLP spent an average of 61.4 6 29.8, 53.0 + 30.4, and 64.0 + 36.2 min in the side channels, respectively ( Fig. 4Bi and Table 1 ). The distributions for fMLP and WPs demonstrated bimodality, indicating that the behavior of these neutrophils is bimodal (Supplemental Fig. 1 and Supplemental Table 1 ). Conversely, the distributions for PRPt and PPP followed a normal distribution curve. The distance traveled in the side channels is also influenced by both PRP and the interaction with platelets. The average total distance traveled in the PRPt and PPP was 1695.7 6 811.0 mm and 1470.3 6 736.8 mm, respectively, compared with the fMLP, 1047.7 6 460.3 mm (Fig. 4Bii and Table 1 ). Statistical comparisons among all conditions are summarized in Supplemental Table 2 . Overall, the neutrophil phenotype of fMLP was similar to that of WP, whereas the phenotype of PRPn was similar to that of PPP, with the exception of the velocity of the neutrophil. When comparing PRPc with PRPn, it is apparent that with the exception of the velocity of the neutrophil, contact with platelets does significantly change the migration behavior of the neutrophil.
Neutrophils migrate faster after direct, physical interaction with platelets
Direct platelet-neutrophil interactions resulted in either the arrest of neutrophil motility after contact with a platelet (20.1% of interactions) or in the neutrophil carrying the platelet (39.1% of interactions; Table 1 ). The duration of time that a neutrophil carried a platelet along the side channel was indicative of the transient nature of the platelet-neutrophil interactions, with most neutrophils carrying platelets for ,4 min over a distance of ;120 mm. Surprisingly, some neutrophils carried platelets for up to 1 h and for .2100 mm (Fig. 2C) . Occasionally, neutrophils were noted to carry a platelet from the main channel into a side channel; these neutrophils exhibited a similar phenotype to the neutrophils that came into contact with a platelet within the side channel. Initial contact with the platelet mostly involved the leading edge of the neutrophil as a result of the spatial constraints within the side channels of the device. Interestingly, however, the neutrophils that did attach to and carry platelets along the channels appeared to bind at the c Percent of neutrophils in channels that contained at least 1 platelet, which arrested at the position of a platelet for .1 time frame.
d Percent of neutrophils in channels with platelets, which carried a platelet once or more for at least 1 time frame.
uropod (the trailing edge). This is consistent with previously published literature establishing that 2 of the main receptors involved in the platelet-neutrophil interaction are CD62P, on the surface of the activated platelets and, CD162, on the uropod of the activated neutrophil [5, 20, 21] . Further experiments to validate the binding of the platelet to the neutrophil uropod are described later, in the section concerning neutrophil phenotypes following blockage of CD162.
Direct contact with platelets had an effect on the time spent in the side channel, the total distance traveled, and the velocity, with neutrophils in the PRPc group having faster velocities and spending longer time in the channels than the PRPn group, 71.5 6 28.0 and 55.7 6 29.4 min, 2029.7 6 812.9 and 1508.4 6 749.8 mm, and 29.1 6 5.7 and 28.0 6 5.9 mm/min, respectively (Fig. 4Bi-iii and Table 1 ). Histograms of these behaviors were also plotted (Supplemental Fig. 1 and Supplemental Table 1 ). The difference between PRPc and PRPn was statistically significant for both the total time spent in the channel (P , 0.01) and the total distance traveled (P , 0.01; Supplemental Table 2 ). These observations indicate that interactions between neutrophils and platelets result in an altered neutrophil phenotype, making them significantly more mobile than neutrophils that simply migrate into the channels.
The platelet-neutrophil interaction is mediated by CD62P-CD162 interactions
To verify further the use of this assay and validate the importance of the CD62P-CD162 interaction in the plateletneutrophil interaction, CD162 was blocked. The blocking of the CD162 on neutrophils resulted in a decrease in the amount of PLA formation ex vivo (Supplemental Fig. 2A) . Flow cytometry experiments showed that coincubation of isolated neutrophils with PRP resulted in an increase in PLA formation (1.3 6 0.9% compared with 39.4 6 17.4%); however, when neutrophils were treated with the anti-CD162 antibody before coincubation with PRP, formation of PLAs decreased (39.4 6 17.4% compared with 14.1 6 1.8%; Supplemental Fig. 2B and C) . We also compared the amount of PLA formation before and after neutrophil isolation (4.0 6 0.8% compared with 1.3 6 0.9%) to show that there was minimal PLA formation with the blood collection technique and that neutrophils resulting from the negative-isolation technique used were primarily not bound to platelets (Supplemental Fig. 2B and C) .
The microfluidic assay was then run using CD162-blocked neutrophils to determine whether a change in plateletneutrophil interaction would be observed. Activation and polarization of CD162 at the uropod of the neutrophil were clearly visualized in both the main channel and the side channel of the microfluidic device (Fig. 5A) . There was no significant difference in migration behaviors for the neutrophils with and without CD162 blocked upon exposure to fMLP ( Fig. 5 and Supplemental Tables 3 and 4 ). There was a significant difference in migration behavior between neutrophils in PRP with and without blocking of CD162 for both the total distance traveled (P , 0.01) and the average velocity (P , 0.01; Supplemental Table 4 ). As expected, there was also a significant decrease in the amount of neutrophils that bound to and carried platelets when CD162 was blocked in PRP ( Table 2 ). There was no significant different in neutrophil migration behavior for neutrophils that did not come into contact with a platelet (PRPn and PRPn + anti-CD162), although there were significant differences in behavior with the neutrophils that came into contact with platelets (PRPc and PRPc + anti-CD162; Fig. 5B -E and Supplemental Tables 3 and 4 ). These findings demonstrate that blocking CD162 on neutrophils does significantly inhibit initial platelet-neutrophil binding, although if a platelet were bound, then neutrophils displayed a phenotype consistent with platelet interaction.
Relevance of platelet-neutrophil interaction to the pathology of disease
With the use of this new microfluidic technique, we observed spontaneous migration of neutrophils to both PRPt and PPP, although the average velocity of neutrophils in PRPt was almost double of that in fMLP. This suggests that either soluble components or microparticles within the plasma result in spontaneous neutrophil migration. Additionally, there were significant differences in the number of neutrophil directional changes, velocity, and total time spent in the side channels, dependent on whether the neutrophils made direct contact with platelets. This spontaneous migration and oscillatory phenotype has been reported before in the context of sepsis after burn injuries [10] . This is the first time that this behavior has been recapitulated in an ex vivo system. Platelets can play both pro-and anti-inflammatory roles. For instance, CD62P-CD162 interactions can instigate the activation and crawling of neutrophils, and neutrophils can use platelet arachidonic acid for the biosynthesis of leukotrienes; these events can take place in both the circulatory system as well as in peripheral organs [5, 22] . A better understanding of neutrophil-platelet interactions could help advance our understanding of neutrophil dysfunction and mechanisms leading to sepsis [23] [24] [25] .
Our observations of the interactions between platelets and moving neutrophils, in conditions of mechanical confinement, are suggestive of a mechanism by which neutrophils may transport platelets inside tissues. This biologic property is likely relevant to certain disease states, when platelets do not always remain within the circulatory system. On many occasions, platelets have been noted to be present in extravascular spaces, suggesting a mechanism for platelet diapedesis. Platelets and neutrophils have been observed in the skin of rats after intradermal injection of the platelet-activating factor and in the sinusoidal and perisinusoidal Disse spaces in the liver of mice and rats after injection of LPS [26] [27] [28] [29] [30] . The recent study by Zuchtriegel et al. [31] , investigating the binding of CD162 by CD62P, showed that this interaction leads to ERK1/2 MAPKdependent conformational changes of leukocyte integrins, promoting the successive extravasation of neutrophils and monocytes. Importantly, this study also revealed that plateletdirected, spatiotemporally organized crosstalk between platelets and leukocytes is essential in the trafficking of neutrophils toward sites of inflammation. One hypothesis emerging from this literature suggests that neutrophils mediate transport of platelets and that the role of this behavior in disease should be studied in more detail. These interactions may also serve a protective function during inflammation and injury, as suggested by the biosynthesis of inflammation resolution mediators, such as Maresin 1 [32] . In our study, some neutrophils in the PRPt were noted to migrate from the main channel into the side channel with a platelet already adhered, demonstrating that this ex vivo technique could potentially provide a platform for the study of platelet extravasation secondary to neutrophil diapedesis.
Conclusions
The development of microfluidic techniques for the study of platelet-neutrophil interactions at a single-cell level can provide new insights into innate immune cell behavior. In this study, phenotypic changes of the neutrophil upon platelet binding are identified and described in detail. Future applications of the assay presented here can be broadened to explore the effect of drugs, molecules, and various disease states on the neutrophilplatelet interaction. 
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